
Automated Image Analysis of Mineral  Matter 
i n  Raw and Supercleaned Coals 

Warren E. Straszheim and Richard Markuszewski , 

Ames Laboratory1 and Department of Engineering Science and Mechanics 
Iowa S t a t e  Un ive r s i ty ,  Ames, I A  50011 

The advent of h igh ly  s o p h i s t i c a t e d  and automated microscopic tech- 
.niques,  t oge the r  w i t h  powerful mini- and microcomputers, makes i t  now 
poss ib l e  t o  c h a r a c t e r i z e  the  minera l  components of coa l  i n - s i tu .  Com- 
bined automated image a n a l y s i s  (AIA) and scanning e l e c t r o n  microscopy 
(SEM) a l lows  d e t a i l e d  c h a r a c t e r i z a t i o n  of minera ls  i n  coa l  f o r  s i z e ,  
shape, composition, and r e l a t i o n  t o  t h e  coa l  matrix.  For a s ta t is t i -  
c a l l y  s i g n i f i c a n t  number of p a r t i c l e s ,  both s i z e  d i s t r i b u t i o n  and vol -  
ume f r a c t i o n  can be es t imated  and used t o  cha rac t e r i ze  independently 
t h e  mineral  mat te r  content.  The corresponding chemical ana lyses  f o r  
t h e  bulk coa l  samples,  provided by more convent iona l  techniques ,  may be 
r e l a t e d  t o  t h e  AIA-SEM da ta  f o r  comparison. 

Conventional a n a l y t i c a l  t echniques  such as x-ray d i f f r a c t i o n  (XRD) 
and Four ie r  t ransform i n f r a r e d  spectroscopy (FTIR) can i d e n t i f y  the  
mineral  phases p re sen t  i n  coa l  and can sometimes provide  an e s t ima t ion  
of the amount p re sen t .  However, such techniques use  bulk samples; they 
are l imi t ed  t o  c a l c u l a t i n g  only  an "average" c leaning  e f f e c t i v e n e s s  and 
do not o f f e r  in format ion  on t h e  s i z e  d i s t r i b u t i o n  of those  minera l  
phases i d e n t i f i e d .  On the  o t h e r  hand, AIA-SEN permi ts  c leaning  e f f ec -  
t i v e n e s s  t o  be eva lua ted  wi th  r e spec t  to  both p a r t i c l e  s i z e  and minera l  
phase. Thus, problems a s soc ia t ed  wi th  remaving a p a r t i c l e  s i z e  o r  
chemical c l a s s  of p a r t i c l e s  can be de t ec t ed  and addressed. Such infor -  
mation is important f o r  any coa l  p repa ra t ion  process ,  e s p e c i a l l y  s i n c e  
i t  r e l a t e s  g r ind ing  and l i b e r a t i o n  of mineral  p a r t i c l e s  t o  washab i l i t y  
tests (1). 

To eva lua te  c o a l  p a r t i c l e s  produced by f i n e  g r ind ing  f o r  washabil- 
i t y  tests,  t h e  AIA-SEM technique provides informat ion  on t h e  e lementa l  
d i s t r i b u t i o n  among t h e  va r ious  minera l  phases. The minera ls  are c las -  
s i f i e d  us ing  a chemistry d e f i n i t i o n  f i l e  based on t h e  r e l a t i v e  amounts 
of elements p re sen t  as determined by energy-dispersive x-ray spec t ros-  
COPY. 

The AIA-SEM technique  has been used i n  Ames Laboratory t o  s tudy  
t h e  e f f e c t  of g r ind ing  on washabi l i ty  of f i n e  coal.  Severa l  s e r i e s  of 
coals have been cha rac t e r i zed  by t h i s  technique i n  the  p a s t  two yea r s ,  
t hus  demonstrating i t s  usefu lness .  In  t h i s  work, t h e  AIA-SEM. technique 
w a s  appl ied  t o  determine the  coa l  minera l  cha rac t e r  before and a f t e r  
c leaning .  

l h e s  Laboratory is opera ted  f o r  t h e  U. S. Department of Energy by Iowa 
S ta t e  Univers i ty  under Contract No. W-7405-~ng-a2. 
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EXPERIMENTAL 

Sample Descr ip t ion  and Prepara t ion  

The ana lyses  were performed on two bituminous coa ls  being t e s t e d  
f o r  washabi l i ty  by conventional means. The coa ls  were from t h e  
I l l i n o i s  No. 6 seam, Randolph county, I l l i n o i s ,  and from the  P i t t sbu rgh  
No. 8 seam, Lewis county, West Virg in ia .  The coa ls  were ground t o  a 
t y p i c a l  power p l a n t  gr ind  ( i . e . ,  70-80% less than 200 mesh or 75 urn). 
The coals were then  supercleaned by f loa t - s ink  sepa ra t ion  (us ing  halo- 
genated hydrocarbons) a t  1.3 s p e c i f i c  g r a v i t y  t o  produce a very low- 
a s h ,  clean coa l  f r a c t i o n  (ash  content <3%).  The raw and c lean  coa l  
f r a c t i o n s  were analyzed f o r  moisture,  a sh ,  and s u l f u r  forms by the  
u s u a l  ASTM procedures ( s e e  Table 1). 

Table 1. ASTM analyses  of raw and supercleaned coa l  samples  f o r  
moisture,  a sh ,  forms of s u l f u r ,  and minera l  mattera.  

I l l i n o i s  No. 6 P i t t sbu rgh  No. 8 

Raw Clean Raw Clean 

Moisture 16.90 1.95 1.97 1.12 
Ash 16.11 2.61 6.75 2.97 
Tota l  S 5.10 2.54 3.17 1.82 
P y r i t i c  S 2.37 0.22 1.35 0.03 
Su l f a t e  S 0.36 0.04 0.41 0.12 
Organic S 2.36 2.27 1.42 1.67 
Mineral  Matterb 19.32 3.05 8.26 3.37 

a Values a r e  expressed a s  w t .  % on a dry basis, except f o r  
moisture.  
Mineral  mat te r  = 1 . 1 3 ~  a sh  + 0 . 4 7 ~  ( p y r i t i c  s u l f u r ) .  

The raw and clean coa l  samples were prepared f o r  AIA-SEM ana lyses  
by cas t ing  two grams of t he  sample wi th  an epoxy r e s i n  i n t o  molds one 
inch i n  diameter.  The hardened p e l l e t s  were pol i shed  t o  r e v e a l  a c ros s  
sec t ion , ,w i th  f i n a l  po l i sh ing  being done wi th  0.3 pm alumina powder. 
The pe l l ' e t s  were coated with approximately 500 angstroms of carbon t o  
render sample su r faces  e l e c t r i c a l l y  conductive f o r  examination in t h e  
e l ec t ron  micros cope. 

AIA-SEM Analysis 

The AIA-SEM system cons i s t s  of a JEOL (Japan Elec t ron  Optics Labo- 
r a to ry )  model JSM-U3 scanning e l e c t r o n  microscope, a LeMont S c i e n t i f i c  
B-10 image ana lyzer ,  and a Tracor Northern TN-2000 energy-dispersive x- 
ray  analyzer.  The image ana lyzer  is a software-based system with as- 
soc ia ted  e l e c t r o n i c s  f o r  SEM beam con t ro l ,  image ampl i f i ca t ion ,  and 
thresholding. The sof tware  base f o r  image a n a l y s i s  a l lows  t h e  appro- 
p r i a t e  a n a l y s i s  a lgor i thm t o  be se l ec t ed  f o r  t he  p a r t i c u l a r  sample and 
image conditions encountered. P a r t i c l e  ex ten t s  a r e  determined from the  
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poin ts  a t  which h o r i z o n t a l  scans  cross a f e a t u r e ,  and p a r t i c l e  o u t l i n e  . 
is r econs t ruc t ed  from these  ad jacent  chords of a p a r t i c l e .  Once the  
o u t l i n e  has been determined, t he  x-ray d a t a  a r e  co l l ec t ed  from the  
center of t he  p a r t i c l e s .  

Samples were analyzed in the  SEM us ing  25 kV beam vo l t age ,  1-2 nA 
sample cu r ren t s ,  300x magnif ica t ion ,  and backsca t te red  e l e c t r o n  imag- 
ing. 
provide +lo% accuracy on measurements a s  smal l  a s  1% of the  f i e l d  of 
view. X-ray d a t a  were co l l ec t ed  f o r  four  seconds per p a r t i c l e  a t  a 
t y p i c a l  c o u n t i n g , r a t e  of 1000 counts per second. 
were set to monitor the  i n t e n s i t i e s  of 30 elements;  however, only these  
11 elements occurred  with s i g n i f i c a n t  frequency: Na, Mg, A l ,  S i ,  P ,  S ,  
C 1 ,  K. Ca, T i ,  and Fe. Approximately 4000 p a r t i c l e s  were analyzed per 
sample a t  a rate o f  200 p a r t i c l e s  per hour. 

A po in t  dens i ty  of 1024 p i x e l s  ac ross  t h e  sc reen  w a s  used t o  

Regions of i n t e r e s t  

Data Handling 

Based on t he  r e l a t i v e  amounts of the  elements p re sen t ,  the  p a r t i -  
c l e s  were c l a s s i f i e d  i n t o  one of nine minera l  ca t egor i e s  according t o  
the  d e f i n i t i o n s  g iven  in Table 2. The ca t egor i e s  der ived  from previ- 
ously e s t a b l i s h e d  g u i d e l i n e s  (2.3) and inc luded  t h e  common coa l  miner- 
a l s  p y r i t e ,  q u a r t z ,  calcite, s i d e r i t e ,  k a o l i n i t e ,  and i l l i t e .  Several  
o the r  minera ls  were i d e n t i f i e d ,  but they occurred in such small amounts 
t h a t  they  were c l a s s i f i e d  toge ther  i n t o  one common category t i t l e d  
"MINORS". This category included the  minera ls  gypsum, dolomite,  

Table 2. Chemical limits f o r  minera l  phase d e f i n i t i o n s  

Mine ra 1 S p e c i f i c  
Phase Chemical Def in i t i on  in % Rangea Gravi t y  

PYRITE S 10-80; Fe 10-70 
KAOLINITE A 1  15-80; Si 15-85; A l / S i  0.33-3.0 
ILLITE A 1  10-50; Si 20-85; Mg 0-15; Ca 0-35; Fe 0-40; 

Ti 0-15 
QUARTZ Si 65-100 
CALCITE Ca 70-100 
SIDERITE Fe 70-100; Mn 0-30; N i  0-30 
MINORS ( inc ludes  the  fo l lowing  ca t egor i e s )  

GYPSUM S 10-80; Ca 10-70 
DOLOMITE Mg 10-60; C a  60-100 
RUTILE Ti 70-100 
ALUMINA A1 65-100 
APATITE P 15-40; Ca 30-100 

SILICATES S i  20-80 
MISCELLANEOUS (no r e s t r i c t  ions ,  a l l  pa r t  i c l e s  accepted)  

5.00 
2.65 
2.75 

2.65 
2.80 
5.00 

2.30 
2.90 
4.50 
4.00 
3.20 
2.70 
2.00 

aSpec i f i ca t ions  may be given f o r  the  amount of o t h e r  elements t h a t  
a r e  allowed to  be present .  
elements not s p e c i f i c a l l y  l i s t e d  in t he  c l a s s  d e f i n i t i o n  t o  be pres- 
en t ,  but they p l ace  an upper l i m i t  on the  a l lowable  amount. 

Such s p e c i f i c a t i o n s  a l low minor amounts of 
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r u t i l e ,  alumina, and a p a t i t e .  In add i t ion ,  s e v e r a l  o t h e r  ca t egor i e s  
were def ined  t o  accommodate p a r t i c l e s  not corresponding t o  any of t h e  
above d e f i n i t i o n s .  For example, a "SILICATES" category was def ined  t o  
inc lude  p a r t i c l e s  wi th  s i g n i f i c a n t  s i l i c o n  conten t ,  ye t  with the bal- 
ance of t h e  elements i n  such propor t ions  t h a t  t h e  p a r t i c l e  would not 
f i t  i n t o  e i t h e r  t he  qua r t z ,  k a o l i n i t e ,  o r  i l l i t e  ca tegor ies .  A "MIS- 
CELLANEOUS" category was provided to  inc lude  those  p a r t i c l e s  whose 
composition d id  not  a l low them t o  f a l l  i n t o  any of t he  above-mentioned 
ca t egor i e s .  Fu r the r  desc r ip t ions  of t he  ins t rumenta l ,  s ta t is t ical ,  
c l a s s i f y i n g ,  and process ing  techniques w i l l  be given i n  ano the r  
pub l i ca t ion  being readied  f o r  submission. 

The A I A  procedures c l a s s i f i e d  minera l  p a r t i c l e s  i n t o  both s i z e  and 
chemical c l a s ses .  Area-equivalent diameter was used as t h e  s i z e  param- 
e t e r  f o r  da t a  p re sen ta t ion .  This measurement is  t he  diameter o f  a 
circle with the  same a r e a  a s  t h a t  measured f o r  t h e  minera l  p a r t i c l e .  
Area-equivalent diameter was used in s t ead  of a simple length  o r  width 
measurement because the  o u t l i n e  of minera l  p a r t i c l e s  i n  coa l  i s  o f t e n  
complex enough t o  render such measurements meaningless. 
diameter measurement a l lows  p a r t i c l e s  t o  be c l a s s i f i e d  by the  a r e a  of 
the  p a r t i c l e  and y e t  repor ted  i n  terms of a l i n e a r  dimension. Using 
a v a i l a b l e  l i t e r a t u r e  va lues  f o r  t h e  s p e c i f i c  g r a v i t y  of t he  i n d i v i d u a l  
minera ls ,  the  da t a  were then expressed a s  the  weight f r a c t i o n  of the  
mine ra l  ma t t e r  w i th in  a given mine ra l / s i ze  category. The weight f rac-  
t i o n  da ta  were then  normalized us ing  t h e  minera l  mat te r  conten t  t o  p r e -  
s e n t  the  minera logica l  e s t ima tes  on a dry coa l  basis. Such a presenta-  
t i o n  provides a common base f o r  comparing the  coa ls  before  and a f t e r  
pro cess  ing  . 

The e q u i v a l e n t  

The da ta  a r e  presented  in Tables 3a and 3b f o r  t he  raw and c l ean  
I l l i n o i s  coa l  r e spec t ive ly ,  and i n  Tables 4a and 4b f o r  t h e  r a w  and 
clean P i t t sbu rgh  coa l ,  r e spec t ive ly .  Percent removal of the mine ra l  
ma t t e r  ca l cu la t ed  f o r  each mine ra l  phase and s i z e  category f o r  both 
coa l  samples i s  presented i n  Tables 3 c  and 4c. 

RESULTS AND DISCUSSION 

Conventional a n a l y t i c a l  da t a ,  obtained by ASTM procedures and pre- 
sen ted  i n  Table 1, i n d i c a t e  t h a t  t he  f loa t - s ink  sepa ra t ion  achieved a n  
84% and a 56% removal of ash  from the I l l i n o i s  and P i t t sbu rgh  coa ls ,  
r e spec t ive ly ,  with corresponding decreases  i n  t o t a l  and p y r i t i c  s u l f u r  
of 50 and 91% and of 43 and 9 7 % ,  r e spec t ive ly .  I f  expressed as a re- 
duc t ion  i n  t h e  t o t a l  minera l  matter content ,  based on us ing  a modified 
Pa r r  formula (4).  t he  corresponding va lues  a r e  84% f o r  t h e  I l l i n o i s  
c o a l  and 59% f o r  t h e  P i t t sbu rgh  coal.  

The AIA da ta  f o r  t he  I l l i n o i s  coa l  (Tables 3a-c) and f o r  t h e  
P i t t sbu rgh  coa l  (Tables 4a-c) a r e  much more i n t e r e s t i n g .  Resu l t s  f o r  
the  raw I l l i n o i s  coa l  show t h a t  p y r i t e ,  qua r t z ,  and two c lays  (kaol in-  
i t e  and i l l i t e  i n  approximakely equal  propor t ions)  make up t h e  bulk 
(86%) of the  minera l  matter." 
d i s t r i b u t e d  over t h e  e n t i r e  range of p a r t i c l e  s i z e  from l e s s  than  4 urn 
t o  more than 36 vm i n  diameter.  

The mineral  phases are r a t h e r  uniformly 



Table 3a. A I A  results f o r  I l l i n o i s  No. 6 raw coa l  (200 x 0 mesh), expressed 
as weight percent  of dry coa l .  

P a r t i c l e  S i z e  
Mineral 
Phase <4 pm <7 pm <12 pm <21 vrn <36 pm >36 pm Tota l s  

P y r i t e  0.71 0.77 1.16 1.44 1.62 1.27 6.97 
Kao l in i t e  0.57 0.67 0.65 0.38 0.36 0.20 2.83 
I l l i t e  0.32 0.38 0.42 0.42 0.45 0.47 2.47 
Quartz 0.84 0.90 1.02 0.71 0.35 0.61 4.43 
S i d e r i t e  0.10 0.10 0.08 0.14 0.00 0.00 0.42 
Ca 1 cite 0.04 0.04 0.14 0.11 0.10 0.41 0.83 
S i l i c a t e s  0.23 0.16 0.17 0.10 0.03 0.19 0.89 
Minors 0.02 0.03 0.05 0.01 0.04 0.00 0.15 
Miscellaneous 0.05 0.06 0.11 0.03 0.07 0.00 0.32 

1 I 

Tota l s  2.87 3.12 3.79 .3.36 3.02 3.15 19.32 

Table 3b. A I A  r e s u l t s  f o r  I l l i n o i s  No. 6 coal  f l o a t e d  a t  1.3 s p e c i f i c  
g r a v i t y ,  a s  expressed as weight percent  of dry coal.  

Mineral 
Phase 

P y r i t e  
Kao l in i t e  
I l l i t e  
Quartz 
S i d e r i t e  
Ca lc i t e  
S i l i c a t e s  
Minors 
Miscellaneous 

<4 Urn 

0.19 
0.10 
0.12 
0.16 
0.02 
0.00 
0.08 
0.02 
0.04 

<7 pm 

0.28 
0.16 
0.12 
0.19 
0.01 
0.00 
0.05 
0.02 
0.03 

P a r t i c l e  S ize  

<12 pm <21 urn 

0.42 0.21 
0.09 0.02 
0.11 0.07 
0.18 0.09 
0.01 0.02 
0.00 0.00 
0.03 0.02 
0.01 0.00 
0.02 0.00 

<36 pm >36 pa 

0.07 
0.03 
0.00 
0.01 
0.02 
0 .oo 
0.02 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

Tota l s  

1.17 
0.40 
0.42 
0.63 
0.08 
0.01 
0.20 
0.04 
0.08 

To ta l s  0.72 0.86 0.87 0.44 0.16 0.00 3.05 

Table 3c. Use of A I A  r e s u l t s  t o  e s t ima te  percent  removal of minera l  mat te r  
from I l l i n o i s  No. 6 coal.  The numbers a r e  based on values  in 
Tables 3a and 3b before they were rounded o f f .  

M i  ne r a  1 
Phase 

P y r i t e  
Kao l in i t e  
I l l i t e  
Quartz 
S i d e r i t e  
Ca lc i t e  
S i l i c a t e s  
Minors 
Miscellaneous 

<4 pm 

73 

61 
81  
81 
98 
67 
38 
30 

83  . 

<7 pm 

64 
77  
69 
79 
85 
93 
67 
51 
58 

P a r t i c l e  S ize  

<12. pm <21 pm <36 pm 

64 85 
86 94 

83  88 
86 89 
97 96 
81 77 

83  100 

74 a 2  

75 ieo 

95 
91 

100 
96 

100 
. 45 

100 
100 

-- 

>36 Urn Tota l s  

100 83  
100 86 
100 83  
100 86 
100 80 
100 99 
100 77 
100 72 
100 75 

~~~ ~~~~ 

T o t a l  75 73 77 87 95 100 84 
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Table 4a. AIA r e s u l t s  f o r  P i t t sbu rgh  No. 8 raw coa l  (200 x 0 mesh), 
expressed a s  weight percent of dry coal.  

M i  ne ra  1 
Phase <4 pm 

~~ 

P y r i t e  
Kaol in i te  
I l l i t e  
Quar tz  
S i d e r i t e  
Ca lc i t e  
S i l i c a t e s  
Minors 
M i  s ce 1 l a  neous 

0.13 
0.08 
0.06 
0.03 
0.02 
0 .oo 
0.01 
0.05 
0.02 

<7 pm 

0.62 
0.38 
0.26 
0.13 
0.10 
0.02 
0.02 
0.22 
0.10 

P a r t i c l e  S ize  

<12 pm < 2 1  pro 

0.72 0.81 
0.24 0.12 
0.17 0.14 
0.12 0.08 
0.06 0.08 
0.01 0.02 
0.01 0.02 
0.12 0.02 
0.05 0.04 

<36 pm >36 pm 

1.00 
0.08 
0.16 
0.01 
0.14 
0.00 
0.07 
0.00 
0.02 

~ ~~ 

1.19 
0.04 
0.20 
0.15 
0.06 
0 .oo 
0.00 
0.00 
0.09 

To ta l s  

4.47 
0.94 
0.98 
0.52 
0.46 
0.05 
0.13 
0.41 
0.31 

To t als 0.40 1.84 1.50 1.33 1.47 1.72 8.26 

Table 4b. AIA r e s u l t s  f o r  P i t t sbu rgh  No. 8 Coal f loa t ed  a t  1.3 s p e c i f i c  
g r a v i t y ,  as expressed a s  weight percent of dry coa l .  

P a r t i c l e  S ize  
Mineral 
Phase <4 ym <7 urn <12 Um <21 Ilm <36 pm >36 pin Tota l s  

P y r i t e  0.21 0.33 0.35 0.08 
Kaol in i te  0.28 0.45 0.21 0.04 
I l l i t e  0.24 0.35 0.11 0.01 
Quartz 0.07 0.17 0.07 0.02 
S i d e r i t e  0.00 0.01 0.01 0.03 
Ca lc i t e  0.00 0.01 0.01 0.01 
S i l i c a t e s  0.02 0.02 0.01 0.00 
Minors 0.02 0.03 0.01 0.04 
Miscellaneous 0.06 0.08 0.03 0.00 

0.00 
0.00 
0.00 
0 .oo 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0 .oo 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.96 
0.98 
0.70 
0.34 
0.05 
0.02 
0.05 
0.10 
0.17 

To ta l s  0.91 1.43 0.80 0.22 0.00 0.00 3.37 

Table 4c. Use of AIA r e s u l t s  t o  e s t ima te  percent removal of minera l  ma t t e r  
from P i t t sbu rgh  No. 8 coal.  The numbers a r e  based on values  in 
Tables 4a and 4b before they were rounded o f f .  

P a r t i c l e  S ize  . 
Mineral 
Phase <4 ~ l m  <7 pm <12 pm <21 pm <36 pm >36 pm Tota l s  

P y r i t e  -- 46 51 89 100 100 78 
Kao l in i t e  -- -- 12 64 100 100 -- 

37 96 100 100 28 I l l i t e  
39 75 100 100 35 Quartz 

S i d e r i t e  76 95 80 63 100 100 88 
Ca lc i t e  80 62 41 69 100 100 60 

32 100 100 100 62 S i l i c a t e s  
Minors 57 86 89 100 100 75 
Miscellaneous -- 1 7  42 100 100 100 45 

-- -- -- -- 

-- -- 
-- 

Tota l  
~ 

-- 22 46 83  100 100 59 
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In the  superc leaned  I l l i n o i s  coa l ,  t he  l e v e l s  of almost a l l  miner- 
a l s  have been reduced by 60-85% somewhat uniformly f o r  most of t h e  
p a r t i c l e  s i z e  ranges up t o  21 Um. Above t h a t  s i z e ,  the  removal in- 
creases  sharp ly ,  wi th  nea r ly  complete removal f o r  t h e  l a r g e r  s i z e s .  
The 21 Dm cut-off seems reasonable f o r  p y r i t e  when the  following calcu- 
l a t i o n  i s  considered. A 2 1  Dm p y r i t e  phase ( s p e c i f i c  g r a v i t y  of 5.0) 
embedded i n  a 200 mesh (i.e. 75 pm) coa l  p a r t i c l e  ( s p e c i f i c  g r a v i t y  of 
1.25) accounts  f o r  on ly  2.2% of the  t o t a l  volume. However, because i t  
accounts f o r  8.2% of t h e  t o t a l  weight of such a p a r t i c l e ,  i t  increases  
the  s p e c i f i c  g r a v i t y  of the  t o t a l  assemblage t o  over  1.33; i t  is thus  
r e j ec t ed  in t he  f loa t - s ink  sepa ra t ion .  A 12 pm p y r i t e  phase, however, 
accounts f o r  about 1% of the  volume of the 74-llm assemblage, while t he  
s p e c i f i c  g rav i ty  is 1.29; thus i t  is ca r r i ed  a long  with the  f l o a t  f rac-  
t i on .  Of course,  s i n c e  the  s i z e  cons i s t  is 200 mesh x 0, t he re  are 
many sma l l  p y r i t e  p a r t i c l e s  completely l i b e r a t e d  o r  a t tached  to  smal le r  
s i zed  c o a l  p a r t i c l e s ;  however, the cut-off a t  2 1  Dm is s t i l l  remarka- 
bly sharp. Furthermore,  s ince  the  s p e c i f i c  g r a v i t i e s  f o r  t h e  o t h e r  
minerals a r e  lower than  f o r  p y r i t e ,  s i m i l a r  ca l cu la t ions  f o r  the o t h e r  
minera ls  should y i e l d  a h igher  value f o r  the  p a r t i c l e  s i z e  a t  the  cut- 
o f f  point.  

When the o v e r a l l  removal of 84% of the t o t a l  minera l  mat te r  is 
broken down by p a r t i c l e  s i z e ,  i t  shows an expected t r end  of i nc reas ing  
with inc reas ing  p a r t i c l e  s i z e .  The c leaning  e f f ec t iveness  ranges from 
about 75% f o r  t h e  smaller p a r t i c l e s  (4-12 Urn) t o  87% a t  2 1  pm and t o  
100% f o r  p a r t i c l e s  l a r g e r  than 36 Urn. 

The AIA r e s u l t s  f o r  t h e  P i t t sbu rgh  No. 8 coa l  (Tables 4a-c) show a 
d i s t i n c t l y  d i f f e r e n t  cha rac t e r  of t h i s  coal. The minera l  ma t t e r  in the 
raw sample is more than  50% p y r i t e .  Although the  t o t a l  amount of c lay  
p lus  quar tz  i s  only one-fourth t h a t  of the  I l l i n o i s  No. 6 coa l ,  t h e  
clay-to-quartz r a t i o  i s  much higher.  I n  add i t ion ,  a s u b s t a n t i a l l y  
l a rge r  f r a c t i o n  of t h e  minera l  content is present  in t h e  l a r g e r  s i z e  
ranges. This c o a l  e x h i b i t s  a much sharper  cut-off i n  the  e f f e c t i v e n e s s  
of cleaning as a func t ion  of p a r t i c l e  s i z e .  The superc lean  coa l  frac- 
tion conta ins  no p a r t i c l e s  l a r g e r  than 21 pm in diameter.  The smal le r  
s i z e  f r a c t i o n s  show only  small amounts of minera l  matter removed. For 
the  two smal les t  s i z e s ,  even a s l i g h t  enrichment can be seen  f o r  sever- 
a l  mineral phases.  This apparent  enrichment i s  p a r t i a l l y  t h e  r e s u l t  of 
a mathematical anomaly of t he  normal iza t ion  process and p a r t i a l l y  due 
t o  the decrease  in t h e  t o t a l  weight by the  removal of o the r  minera l  
matter from the  l a r g e r  f r a c t i o n s .  In any case ,  t he  abso lu te  minera l  
content i n  t h e s e  very smal l  s i z e  f r a c t i o n s  i s  so minute t h a t  the  al- 
lowed a n a l y t i c a l  e r r o r s  can account f o r  the  d iscrepancy ,  and the over- 
a l l  d i f f e rences  become neg l ig ib l e .  

Another obse rva t ion ,  however, should be s c r u t i n i z e d  more c lose ly .  
In  both coa ls ,  t h e  conten t  of p y r i t e  a s  determined by A I A  is consis- 
t en t ly  higher than  t h a t  ca l cu la t ed  from the p y r i t i c  s u l f u r  va lues  ob- 
ta ined  by ASTM. Since  t h e  accuracy ( r e p r o d u c i b i l i t y  between d i f f e r e n t  
l a b s )  f o r  ASTM ana lyses  can be wi th in  0.30 o r  0.40% ( f o r  less than o r  
more than  2.0% p y r i t i c  s u l f u r ,  r e spec t ive ly ) (5 ) ,  p a r t  of t h e  discrepan- 
cy could be expla ined  by t h e  poss ib l e  a n a l y t i c a l  e r r o r .  A more p laus i -  
b l e  i n t e r p r e t a t i o n  can be g iven  i f  t h e  ASTM leachings  wi th  n i t r i c  ac id  
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do not  remove a l l  of the  p y r i t e .  S i g n i f i c a n t  res idues  of p y r i t e  have 
been observed previous ly  i n  such leached coa l  samples (6).  Another 
poss ib l e  explana t ion  can r e s i d e  i n  t h e  s p e c i f i c  g rav i ty  of p y r i t e  used. 
Although 5.0 is t h e  l i t e r a t u r e  va lue  f o r  mineral-grade p y r i t e ,  p a s t  
work i n  t h i s  labora tory  e s t a b l i s h e d  t h a t  coal-derived p y r i t e  can have a 
s p e c i f i c  g r a v i t y  s i g n i f i c a n t l y  lower, ranging from about 3.60 f o r  hand- 
picked samples t o  4.25-4.50 f o r  samples which have been ex tens ive ly  
cleaned with ho t  hydrochlor ic  a c i d  (7) .  Although the  abso lu te  va lues  
f o r  t h e  p y r i t e  conten t  a r e  d ive rgen t ,  t h e  r e l a t i v e  amounts removed (on 
a w t .  % b a s i s )  a r e  r e l a t i v e l y  comparable f o r  both methods of a n a l y s i s .  
However, f u r t h e r  work is i n  progress  to  reso lve  t h i s  i s sue .  

CONCLUSIONS 

Automated image a n a l y s i s  used i n  conjunction with scanning e l ec -  
t ron  microscopy and energy-d ispers ive  x-ray a n a l y s i s  has been shown t o  
be an e f f e c t i v e  t o o l  t o  cha rac t e r i ze  i n - s i t u  the  mineral  mat te r  i n  raw 
and cleaned coa l .  Both mine ra l  phase a n a l y s i s  and p a r t i c l e  s i z e  d is -  
t r i b u t i o n  were obta ined  f o r  two coa l s  (200 mesh x 0) before and a f t e r  
processing. For I l l i n o i s  No. 6 coa l ,  which contained mostly p y r i t e ,  
qua r t z ,  k a o l i n i t e ,  and i l l i t e  r a t h e r  uniformly d i s t r i b u t e d  among the  
var ious  p a r t i c l e  s i z e s ,  t h e  c leaning  e f f e c t i v e n e s s  increased  g radua l ly  
with inc reas ing  p a r t i c l e  s i z e  of t he  minera l  phases. The l e v e l s  of 
removal ranged from about 75% f o r  t h e  sma l l e s t  p a r t i c l e s  t o  100% f o r  
p a r t i c l e s  l a r g e r  than  36 Um. For t h e  P i t t sbu rgh  coa l ,  more than  ha l f  
of t he  mineral  mat te r  was p y r i t e .  and the  p y r i t e  was r e l a t i v e l y  coarse. 
The o the r  minera ls  were sma l l e r  i n  s i z e .  During c leaning  of t h e  
P i t t sburgh  coa l ,  most of t he  la rge-s ized  minera l  matter was removed, 
while t h e  f i ne r - s i zed  minera l  ma t t e r  w a s  r e l a t i v e l y  untouched. The 
cut-off s i z e  was approximately 21 Urn.  
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